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Various channels of chiral symmetry breaking in

graphene
Low energy effective theory: 2 flavors of 2+1D Dirac fermions and
ordinary 3+1D U(1) gauge field.
Symmetry group of the low-energy theory is U(4). Various channels of
the symmetry breaking are possible. Two of them are studied at the
moment. They correspond to 2 different nonzero condensates:

T _ab., . .
a3 Up - antifferromagnetic condensate

() thq - €xcitonic condensate

From microscopic point of view, these situations correspond to
different spatial ordering of the electrons in graphene.

Antiferromagnetic condensate

corresponds to opposite spin of

electrons on different sublattices

Excitonic condensate indicates

opposite charges on sublattices A




Lattice with 20* sites:

® Extrapolation to m=0.0

0.28 + " m=0.005

0.24

Excitonic phase transition
Studied analytically and on square lattice within the low-energy effective theory.

m=0.01

v m=0.02

m=0.03

fit to b(s—sc)"' near the phase transition

o, =20/(et+1)

T
2

P. V. Buividovich et. al., PhyseRev. B 86 (2012), 045107.
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Joaquin E. Drut, Timo A. Lahde, Phys. Rev. B 79, 165425 (2009)

Probably large finite-volume effects!

But the phase transition is still in the region
£>1. In means that suspended graphene is
Predicted to be in the insulator phase
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Antiferromagnetic phase transition
Studied numerically on original honeycomb lattice

(An) = () (alas +biby) — > (alax + blbs))

Lattice Coulomb interaction (P. V.
Buividovich, M. I. Polikarpov, Phys. Rev. B

86 (2012) 245117)
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Graphene phase diagram

Influence of the short-range interactions on the excitonic phase transition:
O.V. Gamayun et. al. Phys. Rev. B 81, 075429 (2010).
Short-range repulsion suppresses formation of the excitonic condensate.
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Can lattice field theory methods add something to
the results of Density Functional Theory (DFT)
calculations?

One of the interaction effects: Fermi velocity renormalization

Dirac cone in the vicinity of the K-
point of Brillouine zone in presence

of interaction: |
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D. C. Elias et. al. Nature Physics 7 (2011), 701



Comparison with DFT calculations

GW-DFT technique - «one-loop»

electron self energy. Vertex corrections Fermi Velocity renormalization

obtained from measurements of

are neglected
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lattice fermionic propagator
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Hybrid Monte-Carlo simulations on honeycomb
lattice (1)

We start from tight-binding hamiltonian:
Hfb - — K Z (HI—J’_H”I g —I_ ”;'_QFEH H) f’{ p— 2"1?{--["'
<T,Y>.8

and add interaction with potentially arbitrary inter-electron potentials:
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Hubbars-Stratonovich transformation is used to convert interaction to the form
convenient for Monte-Carlo calculations:

/ H dop., exp ( Z PV Hvy Z Do QI) = exp (i Z eV gy y)
. .

T,y Ty

Lattice partition function:
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Hybrid Monte-Carlo simulations on honeycomb
lattice (2): fermionic operator

Lattice fermionic action:
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No sign problem!
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Density of states

Graphene with vacancies

Hoppings are equal to zero for all links connecting vacant site with
its neighbors. Charge of the site is also zero.

Approximately corresponds to Hydrogen adatoms.
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Antiferromagnetic condensate measurements at
different temperatures without vacancies and in
presence of 5% vacancies (suspended

graphene):
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. . . < | | |
Lattice size is 36 x 36 x 80. 3 3
B [ m |5% vacancies, T=0.125 eV
e without vacancies, T=0.125 eV
. 5% vacancies, T=0.5 eV
Temperature suppresses the effect of vacancies. 00 o v without vacaneies, T=05 eV -

They work very similar to instantons in
QFT because near-zero energy states
appear in the vicinity of vacant sites.
Increasing of the Density of states at
Fermi-points will probably lead to
instability with respect to formation of
some condensate (mean field
arguments, analogy to Banks-Casher
relation in QCD).
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Acceleration (1): Preconditioner for CG

Structure of fermionic operator:
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Preconditioner — operator with open boundary conditions in Euclidean time direction:
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We need a
) regulator to avoid
/small eigenvalues

Hoppings inside
L7 time slices are

turned off
l+a® —144d(£m)
\ I+« }
The preconditioner equations can be solved separately for A T T
each set of sites with equal spatial mdexesM/ RO
Number of iterations is ~3 times less in preconditioned CG. LT . T

Overall speedup is ~2.5 times.



Acceleration (2): MPl-parallelisation and GPU

o0

Acceleration

20 -
15 1 /

Number of CPU cores

1 GPU makes a speedup of ~20-25 times

in comparison with 1 CPU core.

All the tests have been done for 36 x 36 x

80 lattice. CPU: Intel Xeon 5670
GPU: Nvidia M2070.

Acceleration vs 1 CPU core

The simplest way to make a
parallel algorithm is to divide
lattice into several domains in
Euclidean time direction.
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Mass gap calculation

We calculate the Euclidean Green function (simply inverse fermionic operator):
- i P |
Gplk.7) =Y Gp( y )@k

Sublatice structure of Green function after the Fourier transformaion:

— —

L Gaalk.7) Gaplk.T

Gu(ir) = [ Gtk Gan(k.T)

E1 (13_4(/(".’!_) GBB(A'.“T)
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Green function

Green function

Green function calculations
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Renormalized mass, eV

Renormalized mass at zero bare mass, eV
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Mass gap calculation results

No vacancies, KI1 point, results for AiA and BB green fumI:t\ons are shown seplarately,_ -
I ");__V.‘f“’ B Results of extrapolation to my,.=0:
Eo- .-'-/",',;l-'“"‘f Lattice size=18, My, =0.6275 £ 0.114 eV o
Mgg =—0.5354 £ 0.110 &V
Lattice size=24, My, =0.4327 £ 0.109 eV
B Mgg =-0.3746 £ 0.100 eV |
Lattice size=36, My, =0.3788 + 0.029 eV
Mgg =-0.2229 + 0.023 eV
X . )
R I
Maa, lattice size=18 —a— .
B Mgg, lattice size=18 ——m— . 1
Maa, lattice size=24 o~ 4
Mgg, lattice size=24 ---e---
Maa, lattice size=36 --a--- e
Mgg, lattice slize:SB —a— | | |
0 0.05 0.1 0.15 0.2 0.2¢
Bare mass, eV
T T T T T
No vacancies, K4 point, results for AA and BB green functions are shown separately
Results of extrapolation to infinite lattice:
Mo My =0.1560 £ 0.068 eV 7]
Mgg =0.0878 = 0.004 eV
» “§.. ]
!
. 4. i
| i -
H
Mpp it
MBB !I--.---I 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.0¢

Inverse lattice size (1/L)

Renormalized mass, eV

Renormalized mass at zero bare mass, eV

2 5% vacancies, P{1 point, results for P:A and BB green fun::tions are shown se}l.narately T
1.5 B g
=TT '/' Results of extrapolation to my,.=0:
S Lattice size=18, M, =0.8363 + 0.115 eV
05 Mgg =-0.9956 + 0.043 &V |
Lattice size=24, M, =0.9276 + 0.154 eV
0L Mgg =-0.9543 £ 0.176 eV |
Lattice size=36, M, =0.6382 £ 0.141 eV
Mgg =-0.7328 + 0.068 eV
-0.5 1
_1 = i . -
o R .
Maa. lattice size=18 —m—" L. (? B . SRR
-15 | Mgz, lattice size=18 +--m-2 g T T
Mapa, lattice size=24 +—e—— s S
Mgg, lattice size=24 +--eo--» B
oL Mpa, lattice size=36 +---+--4 -
Mpgg, lattice size=36 —a—
BB 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25
Bare mass, eV
T T T T T
5% vacancies, K; point, results for AA and BB green functions are shown separately
1F { 1
05 f T } 1
Results of extrapolation to infinite lattice:
Mpa =0.5193 £ 0.315 eV
Mgg =-0.4803 £ 0.071 eV
0 - .
-0.5 F 1
T
h ’ . -
& H
i
- t 3 |
1 Map i :
MBB !I--.--‘-I 1 1 1 * 1
0 0.01 0.02 0.03 0.04 0.05 0.06
Inverse lattice size (1/L)



Conclusions:

1) In some circumstances (when we have well-defined tight
binding model and avoid sign problem) Hybrid Monte-Carlo
simulations can sufficiently improve our knowledge about effects of
strong interaction in condensed matter physics.

2) As an example of such calculations we performed simulation of
graphene in presence of vacancies. The results shows that their
presence leads to the appearance of antiferromagnetic condensate
and phase transition to an antiferromagnetic phase.

3) It seems that we still have some problems with calculation of
mass gap. Correct result (zero mass gap in suspended graphene)
can be obtained only in the limit of infinitely large lattice.
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